Transforming growth factor beta1 (TGF-b1) belongs to a family of polypeptide factors, whose cytostatic and apoptotic functions help restrain the growth of mammalian cells. Although solid data established the role of TGF-b's as suppressor factors in tumorigenic processes, in the context of an advanced stage of disease, TGF-b's could also play a pro-oncogenic role. We have previously shown that TGF-b1 induces both pro-and antiapoptotic signals in foetal rat hepatocytes. In this work, we have focused on its antiapoptotic mechanism. We show that TGF-b1 activates the epidermal growth factor receptor (EGFR) and phosphorylates c-Src. EGFR is required for Akt activation. Blocking EGFR signalling amplifies the apoptotic response to TGF-b1. TGF-b1 induced a rapid activation of the tumour necrosis factor-a-converting enzyme (TACE/ADAM (a disintegrin and metalloprotease) 17). Inhibitors of TACE considerably attenuated Akt activation, which suggests that TGF-b1 activates EGF signalling in hepatocytes by promoting shedding of EGF-like ligands. The activation of c-Src by TGF-b1 is EGFR dependent and is required for full Akt phosphorylation and cell survival. Inhibition of EGFR does not block the epithelial-mesenchymal transition (EMT) induced by TGF-b1 in hepatocytes, which indicates that activation of EGFR plays an essential role in impairing apoptosis, but it is dispensable for the EMT process.
Introduction
The transforming growth factor beta1 (TGF-b1) belongs to a family of structurally related polypeptide factors, whose cytostatic and apoptotic functions help restrain the growth of mammalian tissues . Although there is no doubt about the role of TGF-b's as suppressor factors in tumorigenic processes (Akhurst and Derynck, 2001; Roberts and Wakefield, 2003) , it is now appreciated that metastasis of many different types of tumour cells requires TGF-b activity, and that, in the context of an advanced stage of disease, TGF-b's could play a pro-oncogenic role (Kang et al., 2003) . During multistage tumorigenesis, TGF-b growth-inhibitory and apoptotic effects are lost, frequently by subversion of the normal signalling pathways due to the activation of other signalling molecules such as phosphatidylinositol-3-kinase (PI-3K) and/or Ras. Meanwhile, other TGF-b responses prevail, favouring tumour progression (Akhurst and Derynck, 2001; Akhurst 2002; Oft et al., 2002; Roberts and Wakefield, 2003) .
We have previously described that TGF-b1 inhibits growth and induces apoptosis in foetal rat hepatocytes (Sa´nchez et al., 1996) . However, a subpopulation of these cells survives concomitant with changes in morphology and phenotype, reminiscent of an epithelial-mesenchymal transition (EMT) (Sa´nchez et al., 1999; Valde´s et al., 2002) . Analyses of the intracellular signals that could impair the apoptotic effects of TGFb1 indicated that the PI-3K/Akt pathway was activated in these resistant cells (Valde´s et al., 2004) . Experiments in foetal rat hepatocytes showed that TGF-b1 was able to activate transiently PI-3K/Akt, by a mechanism independent of protein synthesis, but dependent on a tyrosine kinase activity. Proapoptotic signals, such as oxidative stress and caspases, contributed to the loss of Akt at later times. Inhibiting PI-3K sensitized foetal hepatocytes to the apoptosis induced by TGF-b1 and caused spontaneous death in the resistant cells (Valde´s et al., 2004) . Taken together, these results indicated that TGF-b1 could be inducing both proapoptotic and survival signals in hepatocytes, the balance among them decides cell fate.
Previous studies have indicated that TGF-b1 can activate PI-3K in mammary epithelial cell lines, which would play a role in cell survival (Shin et al., 2001; Janda et al., 2002) and might be required for TGF-b1-mediated EMT and cell migration (Bakin et al., 2000; Gotzman et al., 2002) . Interestingly, recent evidences indicate that the sensitivity to TGF-b1-induced apoptosis is regulated by crosstalk between the Akt/PKB and Smad through a mechanism that involves a direct interaction between Akt and Smad3 (Conery et al., 2004; Remy et al., 2004) . Furthermore, Smad proteins activated by TGF-b1 form a complex with FoxO proteins to turn on the growthinhibitory gene p21Cip1, this process being negatively controlled by the PI-3K pathway (Seoane et al., 2004) . Thus, activation of PI-3K could confer resistance to TGF-b-mediated cytostasis and apoptosis.
In spite of the recent advances on the crosstalks between PI-3K/Akt and Smad signalling, very little is known about the mechanisms mediating Akt activation by TGF-b1. In this work, we have tried to go deep into this question, by using the foetal rat hepatocyte model. Since our previous results indicated that a tyrosine kinase activity was required for TGF-b1-dependent Akt activation (Valde´s et al., 2004) , we focused on searching for possible/s upstream kinase/s. Results have indicated that TGF-b1 activates epidermal growth factor receptor (EGFR) and c-Src family and both contribute to Akt phosphorylation and cell survival. The relevance of these results, in the context of TGF-b1 protumorigenic actions, is discussed.
Results

Activation of EGFR, c-Src family and PI-3K/Akt in foetal rat hepatocytes treated with TGF-b1
Previous results had indicated that TGF-b1-induced PI-3K/Akt was inhibited by genistein, a pan inhibitor of tyrosine kinases (Valde´s et al., 2004) . Thus, we started analysing possible proteins that were immunoprecipitated with a pan-tyrosine kinase antibody in protein extracts from TGF-b1-treated cells. Preliminary results revealed several bands in the 50-55 kDa range (results not shown), which lead us to study whether TGF-b1 could activate the c-Src family of tyrosine kinases. Furthermore, a band around 160-170 kDa was repeatedly present. Since EGFR is a 170 kDa protein and we had previously shown that EGF activates PI-3K/Akt in hepatocytes (Fabregat et al., 2000) , we decided to study whether TGF-b1 could activate the EGF signalling in hepatocytes. Results shown in Figure 1a indicate that 30 min after the addition of TGF-b1 to the hepatocytes, EGFR and c-Src family were activated, as it was observed in Western blot experiments with antiphospho-EGFR (Tyr 1068) and antiphospho-Src (Tyr 416) antibodies. Phosphorylation of EGFR and c-Src was coincident with PI-3K activation (Figure 1b) , which was followed by Akt phosphorylation (Figure 1c ).
Activation of EGFR by TGF-b1 mediates its antiapoptotic signals: involvement of tumour necrosis factor-a (TNF-a)-converting enzyme (TACE/ADAM (a disintegrin and metalloprotease) 17)
To analyse the role of EGFR in the antiapoptotic signals induced by TGF-b1, we decided to use the EGFR inhibitor AG1478. The mitogenic activity of EGF on hepatocytes was inhibited by AG1478, in a dose-dependent manner. AG1478 (10 mM), dose at which maximal inhibitory effect was observed (Figure 2a) , completely blocked the activation of Akt by TGF-b1 in hepatocytes (Figure 2b ). Since recent evidences indicated that Akt/PKB interacts with Smad3, blocking its translocation to the nucleus and impairing its apoptotic activity (Conery et al., 2004; Remy et al., 2004) , we analysed the effect of AG1478 on Smad3 nuclear levels ( Figure 2c ). In the absence of AG1478, Smad3 was initially translocated to the nucleus; however, nuclear levels clearly decreased when Akt was activated (3 h). When EGFR was inhibited, nuclear Smad3 levels significantly increased at all the times studied. The effect was specific for Smad3. Furthermore, AG1478 considerably increased the apoptosis induced by TGFb1 in hepatocytes, analysed as the number of viable cells (Figure 3a ), caspase-3 activity ( Figure 3b ) and percentage of hypodiploid (apoptotic) cells (Figure 3c ). These results suggested that EGFR is required for Akt activation and survival induced by TGF-b1.
We next decided to study whether the EGFR was activated by binding to any of its ligands, which could be expressed and secreted by the hepatocytes. Firstly, we collected conditioned media from cells either untreated or treated with TGF-b1 during 48 h. Then, we used these conditioned media in apoptosis experiments in hepatocytes. As shown in Figure 4a , conditioned medium from TGF-b1-treated hepatocytes (CM-FH þ TGF-b1), but not from untreated hepatocytes (CM-FH), was able to block completely cell death induced by TGF-b1. These results indicated that TGF-b1-treated hepatocytes were secreting a survival factor.
We have previously reported that Akt activation by TGF-b1 was not prohibited by cycloheximide (Valde´s et al., 2004) . Neither early EGFR activation nor c-Src phosphorylation was blocked by cycloheximide (results not shown), suggesting that early antiapoptotic response induced by TGF-b1 does not require de novo synthesis of proteins. Soluble EGF family growth factors are all derived from proteolytic cleavage of the ectodomains of integral membrane precursors (Jorissen et al., 2003) . The identity of the processing enzymes has remained rather obscure until identification of a novel protease, TACE/ ADAM 17, whose role in mediating the release of different EGF family members has been well established (Sunnarborg et al., 2002; Borrell-Pages et al., 2003) . Taken together, these results lead us to hypothesize that TGF-b1 could be activating TACE. To test this possibility, we analysed the effect of two TACE inhibitors: TAPI-1 and TAPI-2. As shown in Figure 4b , 20 mM TAPI-1 clearly attenuated Akt activation. Phosphorylation of Stat-3, a known target of EGFR, was also analysed. In a similar way, 20 mM TAPI-1 attenuated Stat-3 phosphorylation induced by TGF-b1. Similar results were obtained when TAPI-2 was used (results not shown). Finally, in vitro TACEprotease assays revealed a rapid (15-30 min) and transient activation of the proteolytic activity of a TACE-specific substrate, after incubation with TGF-b1 ( Figure 4c ). These results suggest that TGF-b1 could be activating EGF signalling in hepatocytes by activating the shedding of EGF-like ligands.
EGFR mediates Src activation by TGF-b1, which is required for Akt phosphorylation and cell survival
Since we observed phosphorylation of the c-Src family of protein tyrosine kinases in TGF-b1-treated hepatocytes (Figure 1a) , we next wondered whether c-Src activation was a consequence of EGF signalling or it was an independent and parallel event. We first tested the effect of PP2, a well-known inhibitor of c-Src family, in the mitogenic effect of EGF in hepatocytes. Results are shown in Figure 5a . The mitogenic effect of EGF was completely blocked by PP2, in a dose-dependent manner. In fact, EGF activated c-Src in hepatocytes and Src activation cooperated in Akt phosphorylation, as demonstrated by a significant decrease in Akt activation under PP2 treatment (Figure 5b ). These results suggest that c-Src is downstream EGFR in hepatocytes and is required for its mitogenic and antiapoptotic signalling.
Taking into account these results, we decided to explore the possibility that EGFR could mediate c-Src activation by TGF-b1 in hepatocytes. In the presence of AG1478, c-Src phosphorylation by TGF-b1 was considerably attenuated (Figure 6a ), indicating that EGFR activation is required for c-Src phosphorylation. Furthermore, PP2 attenuated Akt phosphorylation by TGF-b1 (Figure 6b) , in a pattern similar to that found when EGF was the stimulatory signal ( Figure 5b ). Finally, we observed that inhibition of c-Src activity resulted in a significant increase in TGF-b1-induced toxicity (Figure 6c) .
These results suggest that TGF-b1 is activating c-Src through an EGFR-dependent mechanism. Src activation is required for full Akt phosphorylation and cell survival. (Figure 3a) , the remaining cells had undergone an EMT process, as evidenced by the presence of vimentin, instead of cytokeratin 18, and appearance of smooth-muscle actin a. The expression level of these proteins was even higher when EGFR was inhibited (Figure 7a ). This is probably due to cell selection, caused by amplification and acceleration of the cell death process. Snail, a transcription factor that controls EMT by repressing E-cadherin (Batlle et al., 2000; Cano et al., 2000) and is transiently (3-5 h) upregulated by TGF-b1 in hepatocytes (Valde´s et al., 2002) , was identically upregulated when EGFR activation was blocked (Figure 7b) .
These results suggest that, although activation of EGFR by TGF-b1 in foetal rat hepatocytes appears to play an essential role in impairing apoptosis, it is not involved in the EMT process.
Discussion
TGF-b1 inhibits growth and induces apoptosis in foetal rat hepatocytes (Sa´nchez et al., 1996; Herrera et al., 2001) . However, a subpopulation of these cells (60-70%) survives to its cytotoxic effects (Sa´nchez et al., 1999) and responds to this factor inducing an EMT process, which increases cell migration and invasiveness capability (Valde´s et al., 2002) . Understanding the intracellular signals that allow cells to resist to the apoptotic effects of TGF-b1 might contribute to exploit effectively the TGF-b system in new therapeutic approaches to cancer.
Results presented herein indicate that abrogation of TGF-b1 proapoptotic signalling could be mediated by TGF-b1-induced activation of the EGFR pathway. Several lines of evidence support this hypothesis. Firstly, TGF-b1, by itself, is able to activate transiently EGFR, which is followed by the activation of the PI-3K/p-Akt pathway in foetal rat hepatocytes (Figure 1) . Secondly, inhibiting EGFR with AG1478 completely blocks Akt activation (Figure 2) , increasing TGF-b-induced nuclear translocation of Smad3 and sensitizing hepatocytes to the apoptosis induced by TGF-b1, provoking the death of 70-80% of the cells in 24 h (Figure 3) . Previous reports had indicated that TGF-b1 activates TGF-a expression in endothelial cells (Vin˜als and Pouysse´gur, . However, the lack of effect of cycloheximide on EGFR activation and Akt phosphorylation by TGF-b1 in hepatocytes (Valde´s et al., 2004 and results not shown in this work) excludes the possibility that a protein needs to be synthesized. In fact, our results would indicate that TGF-b1 induces a rapid secretion of a member of the EGF family of growth factors by activation of the metalloprotease TACE/ADAM 17 (Figure 4) . Although TACE was initially identified as the metalloprotease responsible for shedding of the pro-TNF-a (Black et al., 1997; Moss et al., 1997) , TACE is also necessary for shedding of the EGF family of growth factors (MerlosSua´rez et al., 2001; Sunnarborg et al., 2002; BorrellPages et al., 2003) . Interestingly, it has been recently reported that the activity of TACE is required for the activation of the EGFR by TNF-a in hepatocytes, contributing to its mitogenic ability (Argast et al., 2004) , which indicates that different cytokines could activate TACE in hepatocytes. Interestingly, development of tumours in nude mice requires TACE activity, indicating a crucial role of TACE in tumorigenesis (Borrell-Pages et al., 2003) . In this same line of evidence, cannabinoids induce cancer cell proliferation via TACE-mediated transactivation of the EGFR (Hart et al., 2004) . Results presented here also suggest that TGF-b1 activates c-Src family of tyrosine kinases in foetal rat hepatocytes, with a similar timing to that one observed for EGFR phosphorylation (Figure 1 ). TGF-b1 can stimulate Src kinase activity in epithelial cells (Kim and Joo, 2002) , and it has been recently suggested that activated c-Src might contribute to resistance against the apoptotic and/or antiproliferative properties of TGF-b1 in hepatoma cells (Park et al., 2004) . We describe here that activation of c-Src might be mediated by activation of the EGFR (Figures 5 and 6 ), Src activation being required for full Akt activation and survival ( Figure 6 ). Src family tyrosine kinases are activated by tyrosine kinase receptors and, in turn, can promote signalling from growth factor receptors in a number of ways including DNA synthesis, control of receptor turnover, actin cytoskeleton rearrangements, motility and survival (Bromann et al., 2004) . There are many reports indicating that c-Src protein expression and/or activity is elevated in epithelial cancers (Biscardi et al., 1999) and activation of c-Src in hepatocellular carcinoma cells is highly correlated with the indices of early-stage phenotype (Ito et al., 2001) .
On the basis of our results, we hypothesize that TGFb1 is inducing both pro-and antiapoptotic signals in foetal rat hepatocytes (Figure 8 ). The activation of PI-3K/Akt precedes the apoptotic pathways and is mediated by the activation of TACE/ADAM 17, which increases the shedding of members of the EGF family of growth factors. Apoptotic machinery, which requires the novo synthesis of proteins (Sa´nchez et al., 1997) and is mediated by an oxidative stress process (Herrera et al., 2001) , could interfere with the survival signals activated by TGF-b1. Thus, it is worth noting that Akt appears to be rapidly downregulated at later times in response to TGF-b1 in a caspases-and reactive oxygen species-dependent manner (Valde´s et al., 2004) and c-Src is also caspase-mediated degraded (Park et al., 2004) . The balance between both processes (survival and apoptotic signals) will decide cell fate. This scenario, which we observe in primary cells, could occur during the different stages of a carcinogenesis process, where different members of the TGF-b family are highly expressed. TGF-b1, or other members of the family (Lu et al., 2004) , might induce both proapoptotic and survival signals. Any response in favour of the antiapoptotic signals would protect cells from death and would allow TGF-b to induce other responses such as increase in motility and migration. Preliminary results in this work indicate that EGFR is required for cell survival, but it is dispensable for the EMT process initiated by TGF-b1 in hepatocytes (Figure 7 ).
An important consequence of the results presented in this paper is that TGF-b1, by itself, is able to induce both pro-and antitumorigenic effects in a normal cell. The hypothesis that TGF-b1 becomes a protumorigenic factor when intracellular signals, such as Ras or PI-3K, are overexpressed or overactivated will probably change in the next future, if evidence accumulates indicating that TGF-b1 is a double agent even in nontumorigenic cells. Aberrant activation of the EGFR is frequently observed in neoplasia, notably in tumours of epithelial origin. Interestingly, it has been proposed that control of cell survival through EGFR activation is conditional in the sense that it is rate limiting to tumour cell survival, but not to survival of normal epithelial cells (Kari et al., 2003) . Considering that TGF-b1 production is elevated in advanced stages of tumorigenesis (Roberts and Wakefield, 2003) , it could be possible that tumour cells require EGFR to overcome TGF-b1-proapoptotic effects and respond to this factor inducing cellular events associated with tumour progression. In this line of evidence, recent results in mammary tumours have demonstrated that antimitogenic and prometastatic effects of TGF-b1 can exist simultaneously and HER2 (a human member of the EGFR family) synergies with (Muraoka et al., 2003; Ueda et al., 2004) .
In summary, results presented in this paper clearly reveal the potency of TGF-b1 to act as a dual regulator in tumorigenic processes. Survival signals precede the apoptotic machinery and its signal intensity might alter the cell death response. The requirement of EGFR and c-Src for the survival signalling, if corroborated in tumour cells, could open new perspectives in understanding the effectiveness of EGFR tyrosine kinase inhibitors as therapeutic agents combating cancer (Arteaga and Baselga, 2004) .
Materials and methods
Materials
Human recombinant TGF-b1, TAPI-1, TAPI-2, AG1478, PP2, and TACE Substrate IV were from Calbiochem (La Jolla, CA, USA). Collagenase was from Roche (Barcelona, Spain). Culture medium was from Invitrogen-Gibco (Carlsbad, CA, USA). Foetal bovine serum was from Sera Laboratories International (West Sussex, UK). EGF was a gift of Serono Lab (Spain). Monoclonal anti-b-actin antibody (A 5441) was from Sigma (Madrid, Spain). Antiphospho-EGF receptor (Tyr1068) (CS-2236), anti-AKT (CS-9272), antiphospho-AKT (Ser472) (CS-9271), anti-EGF receptor (CS-2232), antiphospho-Smad2 (Ser465/467) (CS-3101) and antiphoshoSrc (Tyr416) (CS-2101) antibodies were from Cell Signalling Technology (Beverly, MA, USA). Anti-Smad3 was from Upstate (Dundee, UK) (# 06-920).
Foetal rat hepatocytes isolation and culture
Hepatocytes, obtained from 20-day-old foetal Wistar rats by collagenase disruption, were cultured in noncoated plastic dishes with arginine-free M-199 medium, as described previously (Valde´s et al., 2004) . After cell attachment, serum is removed and after a minimum of 2, or a maximum of 24 h, the factor/s were added. TGF-b1 is used at 1 ng/ml. EGF is used at 20 ng/ml. Inhibitors are added 30 min before the other factors (EGF or TGF-b1).
Western blot analysis
Total protein extracts and nuclear extracts were obtained as described previously (Valde´s et al, 2004) , separated in 8% polyacrylamide gels (10% for cytoskeleton proteins; 12% for nuclear extracts) by SDS electrophoresis and transferred to PVDF membranes. After blocking with a 5% nonfat dried milk TTBS solution, overnight incubation at 41C with the corresponding antibody in a 0.5% nonfat dried milk TTBS solution (1 : 5000 for b-actin, 1 : 500 for phospho-Src and phospho-EGF receptor, 1 : 200 for cytokeratin 18 and 1 : 1000 for others), washing and incubation at room temperature with an appropriate peroxidase-conjugated antibody (1 : 5000) for 1 h, antibody binding was visualized using ECL (Amersham). b-actin analysis is shown as loading control.
PI-3K activity assay
After lysis of the cells, proteins were immunoprecipitated with a monoclonal anti-Tyr(P)(Py72) antibody (Fabregat et al., 2000) . PI-3 kinase activity was measured in these immunoprecipitates, by in vitro phosphorylation of phosphatidylinositol/ L-a-phosphatidyl-L-serine, as we have described previously (Fabregat et al., 2000) . The organic phase was extracted, dried in vacuo and resuspended in chloroform. Samples were applied to a silica gel TLC plate (Whatman, Clifton, NJ, USA). TLC plates were developed in propanol-1-acetic acid (2 N; 65 : 35 (vol/vol)), dried and visualized by autoradiography.
Protein analysis
Protein concentration was measured using the Bio-Rad protein reagent.
Analysis of the number of viable cells
In proliferation experiments (i.e. to observe effects on the mitogenic activity of EGF), cells were incubated during 48 h in the absence or presence of EGF and/or inhibitors. In apoptosis experiments, cells were incubated for 24 h in the absence or presence of TGF-b and/or inhibitors). After treatment, cells were washed twice with phosphate-buffered saline and the remaining viable adherent cells were stained with crystal violet (0.2% in 2% ethanol), as described previously (Sa´nchez et al., 1996) . The absorbance of each plate was read photometrically at 560 nm.
Analysis of caspase-3 and TACE activities
Cells were lysed with a 5 mM Tris-HCl, pH 8.0, 20 mM EDTA and 0.5% Triton X-100 buffer. For caspase-3 activity, a reaction mixture containing 20-40 mg of protein extract and 20 mmol/l caspase-3 substrate (Ac-DEVD-AMC) in a 20 mmol/ l HEPES, pH 7.5, 10% glycerol and 2 mmol/l dithiothreitol buffer was incubated for 2 h in the dark at 371C (Valde´s et al., 2004) . For TACE analysis, a reaction mixture containing 60 mg of protein extract and 10 mM TACE Substrate IV in a 50 mM Tris-HCl, pH 7.4, 25 mM NaCl and 4% glycerol buffer was incubated at 371C in the dark during 20 min (Jin et al., 2002) . In both cases, fluorescence was measured in a Microplate Fluorescence Reader FL600 (Bio-Tek) (excitation, 380 nm; emission, 440 nm for caspase-3; excitation, 320 nm; emission, 420 nm for TACE). A unit of caspase-3 or TACE activity is the amount of active enzyme necessary to produce an increase in 1 fluorescence unit in the luminescence spectrophotometer. Subsequently, the protein concentration of the cell lysates was determined and the results presented as units of caspase-3 or TACE activity/h/mg of protein.
Analysis of DNA content by flow cytometry
The ploidy determination of hepatocytes was estimated by flow cytometry DNA analysis, as described previously (Valde´s et al., 2002) .
RT-PCR
Microfast Track isolation kit (Invitrogen, Barcelona, Spain) was used for polyadenylated þ RNA isolation from foetal hepatocytes. RT was carried out with oligodeoxythymidylate primer, whereas PCR reactions were performed using mouse specific primers for Snail, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Valde´s et al., 2002) . PCR products were obtained after 30-35 cycles of amplification at annealing temperatures of 62-651C. Abbreviations TGF, transforming growth factor; EMT, epithelial mesenchymal transition; PI-3K, phosphatidylinositol-3-kinase; EGF, epidermal growth factor; TACE, tumour necrosis factor-aconverting enzyme; ADAM, a disintegrin and metalloprotease.
